I. INTRODUCTION
The advancement in nanotechnology relies on the downscaling of semiconductor devices towards nanometer dimensions for better performance and lower costs. In recent years, to achieve better device performance, implantation technology is recognized as a key for introducing dopants, since diffusion of impurities generally requires very high temperatures. Ion implantation has been effectively used in semiconductor technology to modify the electrical transport properties. 1, 2 Energetic ions penetrate the surface of the target (host) material and come to rest in an approximately Gaussian depth distribution. In addition to the solute profile so-introduced, the incoming ions leave a trail of damage as these ions penetrate in the material. 3 The ions while passing through the material lose their energy mainly by elastic collisions. Ion implantation thus can modify the physical, chemical, or electrical properties of the target material. The implanted species in the semiconductor can make solutions or compounds with the host material and change the charge carrier type and density. For a p-type dopant, a hole is created, and for an n-type dopant, an electron is created in the target material. This alters the local conductivity of the material. Ion implantation can be employed in thermoelectric materials as a process to produce controlled modifications to alter the lattice and charge carriers.
Thermoelectric materials convert heat (temperature differences) directly into electrical energy, and a good thermoelectric material must have high electrical conductivity (r), high Seebeck Coefficient (S), and low thermal conductivity (j). The efficiency of a given material to produce a thermoelectric power is governed by its "figure of merit" ZT ¼ S 2 rT/j. 4, 5 For many years, the main three semiconductors known to have both low thermal conductivity and high power factor (S 2 r) have been bismuth telluride (Bi 2 Te 3 ), lead telluride (PbTe), and silicon germanium (SiGe). 6 Among them, PbTe has proven to be a very important intermediate thermoelectric material. It crystallizes in the NaCl crystal structure with Pb atoms occupying the cation and Te forming the anionic lattice. It is a narrow gap semiconductor with a bandgap of 0.32 eV. 7 The PbTe system can be optimized for power generation applications by improving the power factor via band engineering. It can be made either n-type or p-type with appropriate dopants. Halogens are often used as n-type doping agents. PbCl 2 , PbBr 2 , and PbI 2 are commonly used to produce donor centers. The common p-type doping agents are Na 2 Te, K 2 Te, and Ag 2 Te. Besides all these elements, Ag has been found to be one of the potential dopants to enhance the thermoelectric properties of PbTe. It has been reported by Heremans et al. that Ag doping in PbTe acts as a p-type dopant at low concentrations (<a few 10 19 cm À3 ) but at higher concentrations, (>10 19 cm À3 ), it results in n-type. 8 Enhancement in thermoelectric power through the energy barrier scattering in Ag doped PbTe was demonstrated by Martin et al. 9 The effect of Ag and Sb doping on the thermoelectric properties of PbTe was reported, and the maximum ZT ¼ 0.27 at 723 K for Pb 1Àx Ag x Te alloys when x ¼ 0.1 was estimated. 10 Hence, Ag doping in PbTe has been proven to improve thermoelectric properties by forming PbTe:Ag nanocomposites. 11, 12 Further, ZT of PbTe can also be boosted by reducing its thermal conductivity by introducing point defects, nanoscale precipitates, and mesoscale grain boundaries. 13 These act as effective scattering centers for phonons with different mean free paths, without affecting charge carrier transport. By applying this method, the highest value of ZT for PbTe that has been achieved in the Na doped PbTe-SrTe system is approximately 2.2. 14 Ion implantation can be employed in thermoelectric materials to modify their lattice thermal conductivity and charge carriers. It is used to create an implanted buried thin layer and change the properties of PbTe materials. Shen et al. showed that Sn þ ion implanted PbTe can create a Pb 1-
x Sn x Te thin layer which lowers the lattice thermal conductivity and hence improves the ZT of PbTe. 15 It was reported by Kato et al. that n-type PbTe implanted with 120 keV Te þ ions shows p-type character at a fluence of 1 Â 10 16 ions/ cm 2 . 16 Similarly, Donnelly et al. reported that Sb þ ion implantation can convert layers of p-type PbTe into n-type. 17 However, there has been no report on the effect of these implantations on the thermoelectric properties of PbTe films. The present study aims to understand the thermoelectrical properties of Ag ion implanted PbTe thin films and also the morphological, structural, and electrical modifications at different doses.
II. EXPERIMENTAL
Thin films of PbTe were deposited on quartz substrates at room temperature by the thermal evaporation method at a base pressure of $2 Â 10 À5 mbar. The Ag ions were incorporated in PbTe thin films by Ag ion implantation using the Negative Ion Implanter (NII) facility available at the Inter-University Accelerator Centre (IUAC), New Delhi. The implantation was carried out at room temperature and the pressure was maintained at 10 À4 Pa. The PbTe films were implanted with 130 keV Ag À ions to 4 different fluences: 3 Â 10 15 , 1.5 Â 10 16 , 3 Â 10 16 , and 4.5 Â 10 16 ions/cm 2 for implanting $1, 5, 10, and 14 at. % of Ag in PbTe, and these films will be referred to hereafter as PbTe-I:1Ag, PbTe-I:5Ag, PbTe-I:10Ag, and PbTe-I:14Ag.
Rutherford backscattering (RBS) spectrometry was performed using 2 MeV He þ ions at a scattering angle of 165 at IUAC, New Delhi, for compositional studies. The Rutherford manipulation program (RUMP) simulation code was used to simulate the experimental RBS spectra. The surface morphology of the thin film was examined using scanning electron microscopy (SEM) by means of a TESCAN MIRA II LMH microscope. X-ray diffraction (XRD) measurements were performed at a grazing incident angle of 2 to identify the crystalline phases in the films using a Bruker D8 advance diffractometer with a Cu Ka (1.54 Å ) X-ray source at a scan speed of 0.5 /min. The electrical resistivity (q) and thermoelectric power (S) of the films were measured in the temperature range of 300-400 K using a standard DC four probe technique and bridge method, 18 respectively. The Hall Effect measurements were carried out using a magnetic field of 0.57 T at room temperature to evaluate carrier density and mobility. The high resolution XRD measurement was carried out at the synchrotron radiation facility of KEK, Japan, using 13.9 keV. The X-ray photoelectron spectroscopy (XPS) study was performed for the elemental composition on the surface and the electronic structure of the films using a PHI 5000 Verse Probe II system and Al radiation at 100 W power at Indian Institutes of Technology, Kharagpur. Figure 1 shows RBS raw data of the as-deposited and Ag-implanted PbTe films on the SiO 2 substrate. The peak position of an element in RBS is governed by its atomic number and its depth distribution. The as-deposited and implanted thin films have high atomic number elements Pb (82), Te (52), and Ag (47); therefore, their positions on the RBS spectra are quite close and as the films are thick enough, the peaks of Pb, Te, and Ag overlap each other and form a broad peak; thus, it is difficult to resolve individual peak without fitting or simulation. As a consequence of overlapping, the signals from Ag in the spectra of implanted films are not clearly noticeable. However, a close observation of the tail at the inner edge of the broad peak shows a change in the slope for implanted samples, indicating the presence of Ag atoms. In Fig. 1 , the surface energies for Pb, Te, and Ag are represented by arrows, and the inset in Fig. 1 shows the spectra of pristine PbTe and PbTe-I:5Ag films. All the films were fitted using the RUMP simulation to determine the thickness of the films, atomic percent, and the depth profiling of Ag. There exist differences in thickness among the investigated samples as seen from the RBS spectra, i.e., the thickness varies from 340 nm to 360 nm. However, since the differences can hardly be correlated with the ion doses and considering that the film was deposited by thermal evaporation system in which the substrate is positioned perpendicularly to the target without substrate rotation, it is assumed that the difference in thickness exists originally in the film before implantation. However, the measured thickness of the PbTe-I:14Ag film is quite small $245 nm with respect to other implanted films because of sputtering of few atomic layers by ion irradiation at the fluence of 4.5 Â 10 16 ions/ cm 2 . In RBS, it is difficult to present more than one spectrum along with their simulated data. Either raw data can be plotted in one graph or raw data with their simulated data. Therefore, only the raw data of PbTe and PbTe-I:5Ag films are shown in the inset of Fig. 1 and their simulated spectra are shown separately in Figs. 2(a) and 2(b). The simulation shows the presence of Ag in the PbTe-I:5Ag thin film. Using the transport of ions in matter (TRIM) simulation, 19 it is observed that the 130 keV Ag ion comes to rest at a depth of $50 nm (ion range) in the PbTe film and forms an approximately Gaussian distribution up to a depth of $100 nm beneath the surface due to straggling ( Fig. 3 ). Therefore, for getting a fairly precise dopant concentrations and their distribution, the RUMP simulation has been done by dividing the film into several sublayers containing different Ag concentrations and simulating separately each layer to get the best curve fitting. The depth distribution of Ag in the PbTe film obtained from the RBS simulation for all the Ag implanted PbTe films is shown in Fig. 4(a) . The unit of the y axis has been changed to the atomic fraction of Ag for a more clear representation. The peak concentrations of Ag are $0, 1, 5, 10, and 14 at. % for the fluences 3 Â 10 15 , 1.5 Â 10 16 , 3 Â 10 16 , and 4.5 Â 10 16 ions/cm 2 , respectively. At higher fluences, the sputtering is significant and hence these higher fluences are not included for further studies. The atomic density assumed for the RBS simulation for finding the thickness is Pb-3.29 Â 10 22 atoms/cm 3 , Te-2.95 Â 10 22 atoms/cm 3 , and Ag-5.84 Â 10 22 atoms/cm 3 . The estimated atomic percentages of Pb, Te, Ag, and O atoms for all the films are also given in Table I . Figure 4 20 The simulation shows that the implantation depth of Ag is $100 nm and the maximum Ag concentrations in PbTe-I:1Ag, PbTe-I:10Ag, and PbTe-I:14Ag are 1.2 at. %, 4 at. %, 8.3 at. %, and 11.2 at. %, respectively; however, these values are less than the experimental values, which is expected because the TRIYDN simulation considers Pb and Te as individuals and not as a PbTe phase. From the TRIYDN simulation, the sputtering yields of Pb and Te decrease while that of Ag increases with ion fluence (see Fig. 5 ). Therefore, a further increase in the implantation fluence leads to saturation of the Ag concentration in the PbTe film.
III. RESULTS

A. Compositional analysis
B. Phase evolution Figure 6 shows the Grazing Incidence X-ray Diffraction (GIXRD) patterns of PbTe, PbTe-I:1Ag, PbTe-I:5Ag, PbTe-I:10Ag, and PbTe-I:14Ag thin films. The pattern of PbTe is comparable to earlier work by Das et al. (JCPDS08-0028). 21 The high intense peak at 2h ¼ 29.4 suggests a preferential growth along the (220) planes. The average sizes of the crystallites were determined by using the Scherrer equation. It is observed that there is no significant effect on the crystallite size which remains almost constant $12-13 nm for all the films after Ag ion implantation. However, an increase in peak intensity is observed after Ag ion implantation. Since the beam current of the Ag ion beam was $1 lA, probably the sample gets annealed and thus improves the crystal quality even though the size of crystallites did not change significantly. The GIXRD patterns obtained using lab source (Cu Ka) for Ag implanted films do not show peaks that can be assigned to Ag or its alloys with Pb-Te.
To determine the phases present in the Ag ion implanted PbTe films, a high resolution XRD measurement was carried out at the KEK (Japan) synchrotron radiation facility using 15 keV which is capable of detecting even the small amounts of Ag and alloys of PbTe with Ag. The synchrotron XRD pattern of the PbTe-I:1Ag film showed two extra peaks at 2h ¼ 21.06 and 23.54 ( Fig. 7 ) which correspond to Ag 2 Te (JCPDS02-0771) and Ag (JCPDS75-0164), respectively. The spectra of PbTe-I:5Ag and PbTe-I:10Ag show evolution of few more peaks assigned to Ag 2 Te at 17.03 , 18.45 19.40 , 32.84 , and 35.26 (JCPDS04-0721). Thus, these spectra suggest the presence of Ag and Ag 2 Te phases in Ag ion implanted films. However, for PbTe-I:14Ag there is only Ag peak along with PbTe peaks and no traces of the Ag 2 Te phase. This might be because at higher fluence Ag starts nucleating to form Ag clusters. The Ag-Te alloy formation was further investigated by XPS. Fig. 8 ). Therefore, the XPS data indicate the existence of PbO, TeO 2 , and PbTe on the surface of the pristine PbTe film. The peaks for Ag appear in XPS spectra of PbTe-I:10Ag as shown in Fig. 9 , and on deconvoluting, the Ag (3d 3/2 ) peak gives two components: 373.8 and 375.43 eV assigned to the Ag element (Ag ) and Ag 2-x Te (Ag þ ). 22 Although the Pb (4f 5/2 ) peaks of PbO and PbTe appear at the same binding energy, a shoulder peak is observed on the higher binding energy side of the Te peak. On deconvoluting the Te (3d 3/2 ) peak, one can distinguish two components: 581.8 eV and 583.1 eV, assigned to PbTe (Te 2À ) and Ag 2 Te 
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(Te 2À ), respectively. Apart from these peaks, the TeO 2 (Te 4þ ) (3d 3/2 ) peak also appears at 585.9 eV. The Ag peak in the spectrum of the PbTe-I:14Ag film ( Fig. 10 ) corresponds to native Ag and no Ag 2 Te peak observed. This might be because at higher fluence (i.e., PbTe-I:14Ag) of implantation, the film contained more Ag clusters. However, on deconvolution, the Te peak indicates the presence of Ag 2 Te along with PbTe and TeO 2 . A shift toward lower binding energy in both Pb(4f) and Te(3d) peaks corresponding to PbTe was also observed in the PbTe-I:14Ag film. The concentration of the Ag 2 Te phase has been calculated for both PbTe-I:10Ag and PbTe-I:14Ag films from the area under the XPS peak of Te(3d). The concentration of Ag 2 Te in PbTe-I:10Ag is $11% and that in PbTe-I:14Ag is $13%, i.e., the PbTe-I:14Ag film is having 2% more Ag 2 Te than the PbTe-I:10Ag film.
The peak intensities of Pb, Te, and Ag for all the films are shown in Fig. 11 . The peak intensities of both Pb and Te ions are higher in the PbTe-I:10Ag film in comparison to the PbTe film. On further increasing the Ag ion fluence, the intensity of Te and Pb peaks decreases and that of Ag increases due to large sputtering of Pb and Te taking place and the formation of Ag clusters. Figure 12 shows the surface morphology of pristine and Ag implanted PbTe thin films as examined using SEM at two different magnifications of 10 kx and 20 kx. The SEM images illustrate a significant modification of the PbTe surface after Ag ion implantation.
C. Morphological study
The fine cracks present on the surface of as-deposited PbTe thin films get shortened and suppressed on Ag implantation and finally disappeared at high fluences. This is understood on the basis of diffusion of surface atoms which tends to smoothen the surface topography. It is reported that ion implantation results in surface compressive stresses. 23, 24 Lawn and Fuller 25 suggested a relationship linking the crack trace shortening to the stress acting in the surface
where W is the geometrical factor ($1), r s is the surface stress, K c is the critical stress intensity factor, C 0 is the unstressed crack length, C is the stressed crack length, and d is the thickness of the layer. For C < C o , r s is negative, i.e., the stress is compressive. Figure 13 illustrates the change in crack length with ion fluence. The compressive stresses are primarily generated by the volume expansion due to both (a) the production of vacancy/interstitial pairs (i.e., displacement damage by both the primary and knocked-on ions) and (b) the injection of large numbers of foreign atoms into the surface. The volume change within the implanted layer is constrained by either underlying or surrounding material and large stresses may be generated in this relatively thin implanted layer. 26 Since the number of defects produced is expected to be linearly dependent on ion fluence, the stresses generated are also expected to follow linear dependency with ion fluences. Defect production linearly depends on the ion fluence only at lower fluence and as the fluence increases the defects starts to annihilate. However, in the present case ion beam leads to injection of the Ag ions in the film, whose concentration increases with the ion fluences. This impurity addition in the PbTe film is also a type of defect in the homogeneous film which increases with ion fluence. Figure 14 shows the temperature dependence of the q in the temperature range of 300 K to 400 K for all thin films of PbTe, PbTe-I:1Ag, PbTe-I:5Ag, PbTe-I:10Ag, and PbTe-I:14Ag. The q decreases constantly with Ag ion implantation of 1 at. % and 5 at. %. However, on further increasing the concentration of implantation to 10 at. % and 14 at. %, the q and slope of the resistivity curve increase abruptly in comparison to those of PbTe. The q of PbTe-I:14Ag is less than that of PbTe-I:10Ag due to the percolating effect of Ag inclusions formed at the high fluence. The change in the slope of resistivity versus temperature corresponds to the change in the temperature coefficient of resistance, a ¼ DR/ (R 0 ÂDT), which depends upon material properties. Ion implantation modifies the material properties due to the impurities, dislocations, interstitial atoms, vacancies, grain boundaries, etc., and therefore the slope is expected to change. The change of the slope for PbTe-I:1Ag and PbTe-I:5Ag films is small due to the lower ion fluence; however, for PbTe-I:10Ag and PbTe-I:14Ag the change in the slope is significant due to the presence of higher Ag concentrations and different phases of Pb, Te, and Ag. The temperature dependent variations of S of all the films in the temperature range of 300 K to 400 K are shown in Fig. 15 . The S of PbTe increases with Ag ion implantation up to a fluence of 3 Â 10 16 ions/cm 2 and on further increasing of ion fluence to 4.5 Â 10 16 ions/cm 2 , it decreases. The measured S at 400 K for PbTe, PbTe-I:1Ag, PbTe-I:5Ag, PbTe-I:10Ag, and PbTe-I:14Ag films is $273, $278, $297, $344, and $315 lV/K, respectively. The S of PbTe-I:10Ag and PbTe-I:14Ag thin films is found to be $26%, and $15% higher than that of the PbTe thin film. The S and q behavior can be understood on the basis of the variation in the carrier concentration, Hall mobility, and the phase formation on Ag implantation. Figure 16 shows the carrier concentration and Hall mobility for all the thin films. The carrier concentration increases with Ag ion implantation. However, the mobility of the carrier decreases with increasing fluences. This may be due the carrier scattering by dopants or the presence of some impurity phases that are not detectable by lab XRD, and or ion beam induced defects. Since the implantation depth is not exactly equal to the thickness of the films, a two-layer model for the evaluation of the Hall coefficient was used to account for the influence of the unimplanted layer. 27, 28 This correction is relatively small for the reasons that the carrier concentration in the damaged region is much higher than in the undamaged region. 29 
D. Electrical transport measurements
IV. DISCUSSION
Synchrotron XRD and XPS investigations confirmed that Ag ion implantation results in the formation of the Ag 2 Te phase in the PbTe thin film and the concentration of Ag 2 Te increases with Ag ion fluence up to 10 at. % Ag concentration, i.e., PbTe-I:10Ag. With still higher Ag concentrations, i.e., PbTe-I:14Ag, there is a formation of Ag clusters. It is known from the previous studies 8, 12 that Ag ions preferentially bind with Te by liberating Pb atoms to precipitate out. In the present study, however, no extra peak corresponding to Pb is observed in the XRD spectra of the implanted PbTe samples. This may possibly be because PbO in amorphous form cannot be detected by XRD or it is present at the grain boundaries.
The surface of the pristine PbTe thin film has cracks on the surface and the measured resistivity of this sample is 0.12 X cm. This value is 10 times higher than the value reported for crack free PbTe thin films. 10, 12 When the asprepared films were implanted with Ag ions, the q decreases constantly for 1 at. % and 5 at. % due to suppression of surface cracks with ion fluences. On further increasing the concentration to 10 at. % and 14 at. %, the surface gets more smoothen. However, the q increases abruptly due to the impurities, vacancies, and defects created in the PbTe films at high fluences. The higher q of PbTe-I:10Ag is also because of the formation of more and more Ag 2 Te alloy liberating Pb out and hence distorting the lattice. The q of PbTe-I:14Ag is less than that of PbTe-I:10Ag either due to the percolating effect of Ag inclusions formed at such a high fluence which increased the carrier concentration and hence decrease the q of this films or/and due to smoothening of all the surface cracks. The S is the highest for the PbTe-I:10Ag film due to the formation of the Ag 2 Te nanocomposite whereas for PbTe-I:14Ag, it decreases due to the formation of Ag inclusions which provides a percolation path for the charge carriers and hence decreases q and S. The charge scattering due to grain boundaries or due to impurity scattering may also have probably increased the S. 9, 30 Therefore, the S increases with Ag implantation up to a concentration of 10 at. % Ag and then decreases on further increasing the Ag concentration to 14 at. % due to the percolation effect from Ag inclusions.
The surface oxidation of PbTe takes place very easily on exposure to air. The chemisorption of oxygen essentially forms carrier trapping acceptor states by removing electrons from the grain surface, reducing itinerant carrier density. For nanocrystalline materials, this chemisorption increases the trapping of carriers at grain boundaries leading to the formation of energy barriers that impede the conduction of carriers between grains. These results are in agreement with earlier reports, suggesting that the electrical resistivity of PbTe can increase up to 2 to 3 orders of magnitude after exposing to air. 19 Thus, the formation of carrier trapping acceptor states with the oxidation of PbTe is responsible for the low energy carrier filtering which enhances the S. 31 Some work has also been reported on the effect of Ag addition in PbTe during thin film deposition. 12, 19 PbTe films grown with Ag form rice like nanostructures on the surface. This nanostructuring improves thermoelectric power by $30% for 10 at. % Ag added PbTe in comparison with the pristine PbTe thin film. Synchrotron based X-ray diffraction and XPS were performed to confirm the phases of Ag alloys, which show the formation of Ag 2-x Te and precipitation of Pb on the surface of Ag added PbTe films. For the Ag ion implanted PbTe thin films, Ag 2 Te phases are observed; however, there were no nanostructures of Pb on the surface; for higher implantation fluence of Ag, there was formation of Ag clusters. The maximum S for the 10 at. % Ag implanted PbTe thin film is 344 lV/K which is $25% higher than the pristine PbTe thin film. The maximum value of S for the implanted sample is however less than the value reported for Ag added PbTe thin films due to the absence of surface nanostructuring by Pb and presence of large defects due to the implantation process. The mechanism of defect generation can be understood as follows. Ag ions come to rest in an approximately Gaussian distribution in PbTe. In addition to the solute profile so-introduced, the incoming Ag ions also leave a trail of damage as these penetrate the material. During ion implantation, two major classes of defects are introduced, namely, the implanted ions themselves and radiation damage (e.g., interstitial/vacancy pairs). The latter defects arise as a result of displacements occurring in response to "knock-on" collisions. These displacements may be caused both by the incident ions themselves (primary collisions) and by other "knocked-on" atoms (secondary collisions). It is reasonable to assume that a collision cascade results in a highly disordered region surrounded by point defects. 27, 32 The number of initial collisions results in electrically active defects (donors) and the number of such defects increases with fluences.
V. CONCLUSION
The nanostructured PbTe:Ag composite thin films were fabricated on PbTe by Ag ion implantation with 1 at. %, 5 at. %, 10 at. %, and 14 at. %. Maximum thermoelectric power was observed for 10 at. % Ag implanted PbTe thin films and was found to be $25% higher than the pristine PbTe thin film. The XRD measurement from synchrotron source and the XPS were performed to confirm the phases of the Pb-Ag-Te alloy which show the formation of Ag 2-x Te and precipitation of PbO on the surface of Ag implanted PbTe films. The XPS measurements suggest the presence of the Ag 2 Te phase in the Ag implanted PbTe thin films. However, for higher Ag concentrations there was formation of Ag clusters. Therefore, the increase in thermoelectric power with increasing Ag ion fluence can be attributed to the formation of the Ag 2 Te phase.
